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Introduction
Energy is a key issue in a global context and buildings account for roughly 40% of global energy use [1] . Buildings do not operate efficiently [2] . There are very strong economic [3] , social [4] , environmental [5] and legislative [6] mandates to improve the environmental and energy performance of the existing building stock and to ensure new construction meets more stringent performance requirements.
A recognised performance gap exists between design intent and actual performance in the architecture, engineering and construction industry (AEC) [7] and performance often deviates from design intent by a factor of 2 [8, 9] . Buildings specifically designed to perform optimally regularly fail to meet expectations [10] .
One of the key factors affecting building efficiency relates to information management and use throughout the building life-cycle (BLC). Building data is usually retained in domain and application specific data formats. A cornerstone of improved building efficiency is improved data interoperability, the ability of data and applications to interact and a strong case has been made for the use of cross domain data [11, 12] .
Hitchcock characterised the BLC as a long-term decision making process [13] . From the initial planning decision to the final decommissioning stage, choices are made which impact on the building. He described how a decision making process which involves diverse participants, changing objectives and a long time-span, required systematic information management and yet the flow of information was generated and transformed in the context of disconnected islands of information.
A data explosion is taking place, with 90% of all digital data having been produced in the past two years, with most of it unstructured [14] . Many of the devices which produce this data are found in buildings or are portable in nature and used by building occupants. In terms of creating, capturing and transforming digital data, the buildings industry is at a tipping point, where it can now transform data in ways that were not even imagined a decade ago. Cross-domain analysis of data is beginning to emerge and new technologies and ideas such as Semantic Web, Big Data, the Internet of Things, Cloud computing and Machine to Machine communication have the capability to deal with and transform these and other types of data in a useful manner.
This research illustrates how a greater use of the available data sources in a building can lead to improved efficiency levels and illustrates how some of the barriers to improved cross domain data use might be overcome. Buildings are not operating effectively, despite a generation of research into the issue and buildings are consuming an enormous and ever growing amount of energy. As was the case 20 years ago [13] , decisions are still made in the absence of key information, throughout the life-cycle and the full impact of decisions is often unclear [15, 11, 16] . This paper describes a path to a more holistic building performance management structure, based on key cross life-cycle analysis techniques, driven by a focus on semantic data sharing. Based on this research, cross lifecycle metric analysis is now possible, providing measurable key performance indicators from design to demolition.
The paper is structured as follows:
• The case for semantic web technologies in building performance management is made in section 2;
• The publishing of AEC data using Semantic Web Technologies is described in section 3;
• A concept implementation is provided in section 4.
The case for semantic web technologies in building performance management
Significant issues surround the transfer of data in the AEC industry. AEC data tends to be restricted to heterogeneous data silos and is rarely used outside its original domain [17] . The lack of interoperability in the industry is felt throughout the building life-cycle. The interoperability problem manifests itself in different ways, including financial [17] , communication and ultimately building performance.
The Building Information Modelling (BIM) approach has addressed the interoperability issue in some ways, particularly during the design and construction phases, but operation has yet to be addressed in detail. BIM can be seen as a central repository of building data, for use by all project stakeholders, across the project life-cycle. However, within the wider-context of the organization BIM is only one silo of information and other relevant information must also be utilized to optimize both the building and organization itself [18] .
The performance gap is a significant issue which in part emerges from poor data interoperability.
Performance Gap
A number of studies illustrate the multi-faceted nature of the performance gap problem. The PROBE studies describe how predictions can be unrealistically low [19] , due to inaccurate design assumptions and modelling tools, while issues surrounding management and controls, occupancy behaviour and build quality can lead to poor actual performance levels.
The CarbonTrust [20] have listed some of the common faults experienced as inadequate predictions at design time, poor communication of performance intent from the design team, inadequate testing of design, overly complex building systems and controls, poor construction practice, inadequate commissioning, poor measurement approach and incorrectly operated buildings. These issues span the entire building life-cycle.
The ZeroCarbonHub [21] identified similar issues in the area of new low carbon home construction. Acknowledging a lack of study in the area, an undeniable issue existed, caused by insufficient technological understanding, industry culture, poor integration of energy and carbon performance in the design phase and poor feedback mechanisms amongst others. Bordass [22] points to the gap resulting from slippage occurring throughout the development life-cycle from initial design assumptions, ending in a poorly performing building a distance away from the original assumptions. De Wilde, in the most recent review of this area, suggested the performance gap was evident throughout the BLC [7] . ARUP describe the issue similarly, as a gap that increases throughout the life-cycle and suggest solutions must take the form of a feedback loop, feeding back to design and feeding back to operation [23] .
A key observation from these studies is the absence of a cross life-cycle performance management approach in the AEC industry. The Performance Framework has been proposed as a holistic approach to building performance and is discussed in the following section.
The Performance Framework
The holistic management and maintenance of facilities is a multi-domain problem encompassing financial accounting, building maintenance, facility management, human resources, asset management and code compliance, affecting different stakeholders in different ways [18] . Breaking performance down into a series of measurable components and employing a comprehensive continuous commissioning strategy has been shown to improve building performance dramatically [24, 25] .
The performance framework is an approach, which describes a clear relationship between a specific building objective, an associated metric and data stream. The approach has been described in greater detail in [26, 11] . A quantifiable metric can be described to evaluate a particular aspect of performance and that metric can be explicitly linked to a relevant data stream. In this way, overall building performance can be broken down into constituent parts and measured. The scenario modelling technique is built on the concept of performance being broken down into quantifiable metrics, which can be evaluated across the life-cycle.
The concept is illustrated in figure 1 . The image describes how specific performance measurements can be assigned to performance metrics and then related to building objects, such as zones, rooms, HVAC equipment and so forth. These metrics can then be evaluated against actual or simulated performance, providing the building manager with focussed, relevant information about building performance at a granular level. Several examples of the performance framework in use are available in [11, 26] and a general description of performance metrics is provided by [27, 15, 28] . 2.3. Using the semantic web to drive performance management Figure 2 describes the transformation in data required to move from a current situation of heterogeneous data sources and piece-meal performance analysis efforts to a more holistic interpretation of building performance, based on homogeneous data sets. The first stage of the transformation requires the conversion of AEC data into resource description framework (RDF) format [29] , using a series of data adapters. A semantic web based performance framework builds on these homogeneous data sets to provide a more holistic interpretation of building performance.
Publishing AEC Data using Semantic Web Technologies
Currently, it is possible to describe a range of AEC data in RDF. Much of this data is originally described in native data formats and can be converted to RDF using a range of data converters currently available. For the purposes of this research, we focused on three key adapters and ontologies:
• IFCtoRDF data service [30] • SIMModelToRDF conversion service [31] • Semantic Sensor Network ontology [32] Each of these approaches defines how certain AEC data should be defined semantically. These adapters allow AEC data to be described homogeneously, at the data level, separate from applications and tool-sets. Figure 3 : Linking separate homogeneous data sources using a performance framework ontology Figure 3 illustrates how these separate domains or data sources, presented in RDF format, using a domain ontology can be accessed using a performance framework ontology. In the performance management area, we are interested in accessing information about the building geometry, the building HVAC systems, scheduling information, sensor information and so forth. The circles in figure 3 represent separate AEC data sources, previously described natively, in application dependent, heterogeneous data formats. It is now possible to represent these sources homogeneously.
Performance assessment and management can be driven by key life-cycle performance assessment metrics, but this approach was restricted due to the nature of often inaccessible, heterogeneous data sources. Figure 3 describes how such a performance management structure can now be implemented more effectively, using homogeneous data sources.
The performance assessment ontology and the semantic web
The scenario modelling process can be considered an enterprise level data integration and analysis function, building on homogeneous data sets. One solution to aid this integration process is to avail of an ontology to define the performance assessment domain and subsequent relationships with other ontologies. The performance assessment ontology describes the assessment domain, detailing how metrics can be defined and related to specific objects of interest. In this work, we are interested in linking various subsets of AEC data together using the performance framework technique. While an ontology such as this is unusual in the AEC domain, the world of business and BPM, in particular, makes use of similar ontologies to drive business performance assessment efforts. This work builds on some of these ideas [33, 34] .
Performance Metric Ontology
Metrics can be considered the most elementary aspect of the performance framework. Pedrinaci described how a metric might be implemented in an ontology [34] , albeit in a business process assessment context. Defining the metric is the key element of the performance ontology, from which the remaining elements of the performance framework evolve.
In the performance framework ontology, the metric is the basic building block. The ontological representation of metrics can be categorised into two groups [34] , functional metrics and aggregation metrics. Functional metrics are metrics which can be evaluated over a fixed number of inputs or parameters. Aggregation metrics are intended to take an arbitrary number of individual inputs, of the same kind [34] , for instance, an average, maximum or minimum, of a set of sensor readings.
Aggregation metrics are computed over a population in order to obtain an overall perception of some aspect of interest such as the maximum temperature reading, achieved using a population filter. The aggregation of data semantically is an extremely difficult proposition and perhaps futile, in that considerable resources are available which can achieve this already. By retaining the aggregation construct, or functional construct associated with a metric in RDF, software algorithms can be used to perform the associated calculation outside of RDF.
Pedrinaci allowed aggregation metrics to have a nested definition where a given function metric could be evaluated over each instance of the population prior to the computation of the aggregation function. This structure allows metrics such as the maximum of the average temperature readings in a facility. An example of a functional metric being used to populate an aggregation metric would be the average daily thermal comfort level in a space. The functional metric is used to compute the thermal comfort level at a given moment in time, while an aggregation metric is used to derive an average of the comfort levels throughout the day.
Performance metrics are used to evaluate performance objectives and these objectives then form the scenario. Quantifiable elements of performance are a necessary component of performance management. Specifically, we are interested in performing calculations on performance data in a repeatable manner, requiring an explicit link to specific data sources. In order to evaluate each metric, a metric assessment relationship needs to be defined, illustrating the links between the metric and associated data. Figure 4 represents the initial placement of the performance assessment framework with respect to sources of data in the wider AEC domain and these relationships are now explored further. Performance metrics are described in terms of their inputs and the nature of the evaluation required on these inputs. In the case of a functional metric, the associated function is described as a property of the metric, while for an aggregation metric, the type of aggregation is recorded. These metrics are then interpreted and evaluated using the Performance Framework Platform.
List 1 describes on a pseudo-code level, the algorithm used by the performance framework platform to compute the metric. A functional metric might call for some element of calculation to be carried out, based on input parameters, leading to a single value output. An example might be the calculation of an EUI figure for a building. This calculation requires energy consumption levels and building area as inputs (List 1). In this case, the calculation is retained as a property of the metric and evaluated using the Java based PFP. Several performance metrics are defined as part of this work and are referred to in the following sections. Each of these metrics describe a calculation common in the domain, such as the calculation of thermal comfort, energy usage intensity, etc. The second type of metric is an aggregation metric, which can be specified to describe a particular aggregation function to be performed on a set of data. In this case, we are typically dealing with sensor output data. The key consideration here is that the data is all of the same type, in the form of a list. A data filter is defined, which filters a sensor data stream, based perhaps on date or time parameters. This filtered stream is linked with the metric instance and associated with the performance metric (List 2). The metric structure, integrated with the performance framework platform, allows for the interpretation of specific sets of numerical data in a structured manner. Interpreting a list semantically is extremely difficult. We can achieve the desired outcome by retaining key information about the data we wish to analyse in the performance metric instance and then evaluating this using the performance framework platform tool.
If we consider a collection of data points gathered in a typical building, say daily dry bulb temperature and we wish to find the average of these data points, we might structure the metric similarly to list 3. In this case, the metric retains a link to the data source in question and a time period. The performance framework platform software interprets these inputs and returning a list. Pointing metrics at the data sources involves linking to other areas in the semantic web. The next section describes how metrics, defined using the performance ontology can be linked using the SSN.
The performance ontology and other ontologies
The observation value used to describe an observation outcome in the SSN ontology serves as an basis for the evaluation of performance metrics intended to measure sensor data in some fashion. Linking to sensor data modelled using the SSN ontology allows us to access all manner of defined properties relating to sensors. The observation value is linked to the performance metric. The nature of this link is relevant. A simple functional metric, with a single input and single output, can be easily modelled, with the metric linking directly to the observation value. A more complex metric, involving a list of data requires the use of a filter, to group population values into a list. This list can then be linked to the relevant aggregation metric. At this stage, there is a clear link between the performance metric, clarity on the nature of the metric and an explicit link to data sources. The scenario modelling endeavour requires further links to be made to other domains of data and these are now explored further.
The performance framework is concerned with relating performance objectives to specific building objects. It is important that objectives can be associated with a particular building object and that data sources are also associated with particular objects or spaces. For instance, for a given zone, we would like to explicitly link to available sensors in that zone. This type of interaction allows for the interpretation of building performance at a much more granular level. A key requirement of the performance framework is that explicit links can be created which illustrate the location of specific devices in the building. For example, if you wish to understand the thermal conditions in a space, you would be interested in the sensor data for the space, the scheduling data for the space and the physical expression of the space. The framework is intended to break down building performance into defined, measurable components or objectives. We would like to relate specific performance objectives to a relevant building object. The IFCtoRDF ontology exists to enable the description of building information modelling data semantically. For instance, a building zone is particularly relevant in the performance management context. The performance ontology needs to interact with other data sources as a matter of course and this is illustrated in figure 5 .
Demonstration
This section presents an implementation of each stage in the transformation described in figure 2 , from heterogeneous, restricted data silos to homogeneous data and a structured performance management implementation. This presentation considers some of the AEC data around the area of thermal comfort and illustrates how this information might be used to provide a greater level of interpretation for the building manager, in a performance management context. The approach outlined in this example provides a more holistic level of performance awareness for the building manager, but the broader cross-domain approach allows for homogeneous data to be used as a service for many different types of cross-domain data analysis. Key information can be provided to other stakeholders at the enterprise level also.
Thermal Comfort
This demonstration draws on results derived as part of a wider thermal comfort experiment, conducted at the National University of Ireland, Galway [35] . The thermal comfort of a building is considered a key stakeholder requirement in most organisations. We use the scenario modelling technique to create performance objectives around the comfort levels of the space and use the data linking techniques mentioned to access relevant data to evaluate these objectives.
The PMV and PPD thermal comfort indices form the basis of the ISO 7730 thermal comfort standard [36] and are used to predict the mean response of a large group of people to thermal conditions. PPD and PMV readings provide a useful indicator of stakeholder satisfaction with thermal conditions in a space. The PMV is an index that predicts the mean value of a large group of people on the 7-point thermal sensation scale.
Demonstration space
The new engineering building at the National University of Ireland, Galway is a 14500 m 2 faculty building, containing lecture theatres, laboratories, offices and research areas. The building was completed in 2011 and is a highly instrumented facility, with a range of innovative environmental systems, including a climate facade and natural ventilation throughout the building. Managed by a BMS, a number of systems need to operate in sympathy with each other to satisfy operational objectives. The study was conducted in a computer suite at the south west corner of the building.
Description of data
This section describes the initial data transformation process, illustrating how building data can be converted to RDF, using a series of data adapters, providing a homogeneous collection of data sets. A sample building information model was constructed of the room to illustrate the geometric properties of the space. The model contained one zone and was created using the ArchiCAD tool and was stored in the Industry Foundation Class (IFC) data format. The IFCtoRDF conversion service uses an OWL ontology which maps each IFC entity to an element in the OWL ontology [37] . List 4 is an RDF representation of the BIM following conversion. The outputted graph can then be uploaded to a triple-store type application such as the Virtuoso server [38] , and SPARQL queries can be run against the data-set. The semantic sensor network (SSN) is used to describe sensors semantically [39] . In this experiment, the room has a number of sensors, which provide the BMS with data. The experiment also included a number of other sensors to measure air velocity, surface temperature and radiant temperature. The semantic web is an excellent resource when dealing with objects and relationships between objects. It is less useful when dealing with data sets and existing technology is perfectly adequate to accommodate such data. What is necessary is to illustrate how the sensor data can interact with sensor definitions. For the purposes of this experiment, we define sensors using the SSN approach and in the case of a temperature sensor, this is described (in part) by list 5.
Listing 5: An RDF representation of a temperature sensor, as provided by the web based application [40] described in [39] < rdf : Description rdf : about =" http :// spitfire -project . eu / property / Temperature " > < ns0 : type rdf : resource =" http :// purl . oclc . org / NET / ssnx / ssn # Property "/ > < ns1 : measuredIn rdf : resource =" http :// spitfire -project . eu / uom / Centigrade "/ > </ rdf : Description > < rdf : Description rdf : about =" http :// spitfire -project . eu / uom / Centigrade " > < ns0 : type rdf : resource =" http :// purl . oclc . org / NET / muo / muo # U nitOfM easure ment "/ > < ns1 : prefSymbol >C </ ns1 : prefSymbol > </ rdf : Description > This RDF description provides information concerning the static information about the sensor, including location, what the sensor measures, unit of measurement and so on. It is important to differentiate between this type of static sensor information and the actual sensor output. We wish to perform various types of mathematical operations of such data and while a range of tools are available to covert say CSV data to RDF, the performance platform described in the next section is designed to integrate semantic data with various data-streams. Essentially, the tool enables the user to select sensors based on the building object in question. For example, if a zone is selected as a building object, then a list of available sensors in that space should be returned also, together with a breakdown of the static sensor information. A link can then be made to the specific output stream of the relevant sensor.
A simulated predicted mean vote (PMV) result was also generated for the space [35] . Based on various input parameters to the model, a PMV for the space was determined at around 1, indicating a slightly warm space. Typically, building energy simulations are not carried out on many buildings for many reasons, particularly cost. Unfortunately, even when a simulation exercise is carried out on a building, the data is often removed from the operative decision making process as time goes on. Simulation output is critically important to the effective management of a building and providing a building manager with predicted and actual performance data will lead to better outcomes. As the experiment progresses, more data is being made available. At the final stages of the experiment, the building manager will be presented with key thermal information from 3 sources, including the simulated PMV result-set.
Description of Measured Data
The measurement data for the study came from a combination of thermal comfort metering equipment, hand-held temperature/relative humidity meters and BMS data [35] . In order to account for room temperature gradient, air temperature, t a readings were taken locally at each work station, using a hand-held thermometer. Radiant temperature, t r was recorded at a single location, using a QuestTemp 36 Thermal Comfort Meter. Table 1 provides a tabular description of the measured data gathered during the experiment and is described more fully in [35] . The following section describes briefly the performance framework tool-kit and how it interacts with semantic and measured data sets, and comments on how this data might be accessed and transformed, using the scenario modelling technique.
The computer suite is served by an AHU, operated on a control logic based on a series of set-points. The system is reactive in that it reacts to a certain control being triggered and supplies cold/warm air depending on the control. In the case of the computer suite, the BMS is operating effectively and as designed. The supply air, on the date of the experiment was around 11-12 C. As it passed through the frost coil, it was heated by about 4 degrees. The AHU is operating as designed, although the room is considered warm.
It is not apparent to the building manager, based on the BMS data alone, that the computer suite is being slightly over-heated, with a consequent loss in thermal comfort and energy. When viewed in conjunction with other data though, it becomes clear that the room is receiving too much heat, with a consequent energy and comfort loss. This is illustrated more clearly when a scenario is created for thermal comfort in the space.
Performance Framework Platform
The PFP tool uses the RDF based building model as a basis for a performance assessment exercise. Each building object (Site, Building, Building Storey, Zone, HVAC) has a series of objectives which the object may be linked to. Once the RDF building model has been imported to the application, the user has the option to create a scenario model. Upon naming the scenario, the user is presented with a screen which lists the available performance aspects. At this point, the user can select a specific building object and an aspect to relate it to. The user is then presented with a list of objectives depending on the chosen object type. The user is able to choose from a specific list of objectives which are pre-defined (figure 6).
Having selected the appropriate objective, the user is presented with the associated metric. This metric retains an algorithm or aggregation function, based on the nature of the metric and the user can assign parameters for these functions. Possible data sets, based on those appropriate to the object chosen are presented at this stage also. The scenario can then be saved in RDF format and evaluated or modified throughout the life-cycle of the building. The scenario represents a measurable and repeatable assessment of building performance and is stored in a format which will allow greater integration with other data domains. 
Scenario Creation and Evaluation
For this experiment, a scenario model has been created to reflect some key concerns in the area of thermal comfort in a space. The scenario model, described in figure 7, refers to two separate performance aspects, Building Function and System Performance. Three objectives are used to describe three specific aspects of performance in the space.
Firstly, the thermal comfort objective is used to describe thermal comfort in the space and is quantified using the associated thermal comfort metric, which returns a PMV value. The metric applies the stored calculation formula to return this value. The metric also must be associated with the relevant data sets and in this case, these are provided from the measured data. This object is associated with the Building Function performance aspect as thermal comfort is considered a key building function.
The thermal comfort objective is also measured against simulated thermal comfort data. The data is taken from a simulated data source and this approach clearly allows the integration of design and performance outcomes in a single performance management system. A similar process is followed for the second objective, detailing temperature conditions within the space. The objective is measured by a functional metric which simply returns the temperature value for the space current at that time. The objective is associated with the Building Function performance aspect as temperature is a reflection of the function of a building.
The third object relates to system performance and reflects the performance of the air handling system supplying the zone. The three objectives, taken together, constitute a scenario model for the zone. When the model is evaluated, a clear picture emerges of the thermal conditions in the space and how they relate to design intent. The scenario model described can also be saved in RDF.
Being able to retain this type of information in RDF allows the user to return to the scenario over time and evaluate it against particular data sets of interest. In this way, the scenario can be considered as a type of stored procedure, which can be evaluated repeatedly over time.
Capturing these measurements in an overall scenario is the essence of scenario modelling and the output is described in figure 8 . This approach allows the user to consider performance from a number of perspectives in a comparative manner. Figure 8 clearly illustrates three distinct outcomes for the space, illustrating to the building manager that although the thermal comfort reading is somewhat warm, the result is very much in line with that expected from the simulation model.
A closer look at the temperature objective and the AHU objective are the first suggest that perhaps the space is not conditioned correctly. The temperature of the space hovers around 22-23 C, while the supplied air is around 16 C. We can see from the thermal comfort reading that the space is somewhat warm. It would suggest that the AHU control needs to be modified somewhat to reduce the temperature of supplied air to the space. A further point to note is the spike in the supply duct temperature at 5 pm as the AHU is turned off. A spike is also seen on the measured CO 2 level for the space.
This type of scenario analysis is at the core of the performance framework approach and provides the building manager with contextualised information, based on several data sources.
Conclusion
The management of buildings is a multi-stakeholder, multi-domain problem and this paper illustrates how the semantic web can be used to manage performance holistically in buildings. Significant interoperability issues exist in the industry and this work leverages semantic web technologies to overcome some of these issues. It introduces a performance ontology which can interact with other homogeneous data sources, providing cross-domain links with other AEC data. The ontology describes a performance assessment domain for buildings semantically, allowing performance metrics to be integrated with other data in the semantic web.
A demonstration around the area of thermal comfort was described which illustrated how traditional insufficient data communication to building managers can be supplemented with a more holistic interpretation of performance, building on other available building data sources.
Future work will focus on extending the range of data sources available for interpretation and providing feedback to other key building stakeholders.
